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Abstract. We demonstrate that adiabatic dark matter can be generated by gravity induced
symmetry breaking during inflation. We study a Z2 symmetric scalar singlet that couples
to other fields only through gravity and for which the symmetry is broken by the space-
time curvature during inflation when the non-minimal coupling ξ is negative. We find that
the symmetry breaking leads to the formation of adiabatic dark matter with the observed
abundance for the singlet mass m ∼ MeV and |ξ| ∼ 1.
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1 Introduction
The conventional approach to dark matter (DM) generation relies on direct couplings to the
visible sector that are strong enough to induce a thermal equilibirum in the early universe. In
recent years however the ever increasing experimental constraints have cast doubts whether
this truly is the mechanism behind the observed DM component [1] and other tangential
ideas have gained in popularity.
In many ways a minimal set up is postulating a singlet scalar field, which has been
proposed as a possible DM candidate already in [2, 3]. Very weak interactions between the
visible and dark sectors are sufficient for a working DM phenomenology, as realised in the
FIMP framework [4, 5]. The dark matter field could even reside in a completely decoupled
sector connected to the visible one only through gravity. Particle production, even if the
sector is decoupled, is unavoidable for a light scalar field in the early universe as already
discussed in Refs. [6–8]. The vacuum fluctuations of a light decoupled scalar have been
shown to be a viable explanation of dark matter in Refs. [9] and [10], with or without self-
interactions, respectively. Related set-ups are fuzzy dark matter [11] and axion dark matter,
e.g. Ref. [12] and reviewed in [13], which have been extensively studied in literature. Super
heavy Wimpzillas are yet another viable DM candidate that can be produced gravitationally
in the early universe [10, 14–17]. Dark matter can also be sourced by graviton mediated
scatterings [18, 19].
For quantum fields in curved spaces a non-minimal coupling to curvature generically
emerges [20–22]. Such couplings have non-trivial implications for inflation [23–26] and im-
portantly, as was shown in Refs. [27–32], non-minimal curvature terms can source matter
generation. As expected, dark matter can also be produced via a non-minimal coupling, and
the production can take place during inflation [33, 34], or during the reheating phase [35–39].
Many gravitational DM generation mechanisms result in an inherently isocurvature
component (see [40] for example), which is heavily constrained by observations [41]. Correct
estimate of isocurvature is thus crucial [42–44]. In some cases the gravitationally generated
DM is however strictly adiabatic [35, 36], although large couplings may be needed for its
efficient production.
In this work we investigate a gravitational DM set-up where the field is heavy enough
not to be disturbed during inflation, but the energy density is generated via spontaneous
symmetry breaking induced by the non-minimal curvature coupling. What we will show is
that the mechanism is efficient even for O(1) values of the (negative) non-minimal coupling
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and, importantly, that the perturbations are completely adiabatic. We provide both analyt-
ical estimates and perform a full numerical study of the produced dark matter abundance,
using the quadratic and Starobinsky models [45, 46] as templates for the inflaton ptential.
We use of the (+,+,+) sign conventions of Ref. [47].
Note addded: While we were preparing this manuscript, a closely related work study-
ing a similar mechanism with analytical approximations appeared [48]. However, in [48] it
was assumed that the singlet bare mass is larger than the Hubble rate at the onset of singlet
oscillations. We do not make this assumption, in fact we concentrate on the opposite limit,
which explains why our quantitative results differ from [48].
2 The setup and primordial dynamics
We investigate a scalar singlet χ with the Z2 symmetric action
Sχ = −
∫
d4x
√
|g|
(
1
2
(∇χ)2 + 1
2
m2χ2 +
ξ
2
Rχ2 +
λ
4
χ4
)
. (2.1)
Here R is the scalar curvature and the non-minimal coupling ξRχ2 is necessary to obtain
a renormalisable theory in a curved spacetime (note that our sign convention for ξ in eq.
(2.1) is the opposite of e.g. [49]). We assume the energy density of χ is negligible during
inflation, reheating and early radiation domination so that it can be treated as a test field in
this epoch.
The curvature scalar can be written as R = 12H2(1 − H/2) where H = −H˙/H2.
During inflation H  1 and R ' 12H2 gives a nearly constant contribution to the effective
mass of χ. For ξ < 0 and m2 < 12|ξ|H2 the tree-level effective potential for χ develops Z2
symmetry breaking minima at χ = ±χ∗ where
χ∗ =
(−12ξH2 −m2
λ
)1/2
, (2.2)
and the equality holds to leading order in H. Our test field assumption remains valid at
the minima provided that the (negative) potential energy satisfies |V (χ∗)|  3H2∗M2P. A
sufficient condition for this is |ξ|/√λMP/H, and since the bound on the tensor-to-scalar
ratio [41] implies MP/H & 105 during the observable period of inflation, we find that the
test field assumption holds in a very large range of coupling values.
The dynamics around the minimum depends on the effective mass. If V ′′(χ∗)/H2 < 9/4
the field is light and quantum fluctuations grow in the infrared regime [8]. Reliable analysis
of the dynamics in this case requires non-pertrubative resummation techniques such as the
stochastic formalism [8] which is beyond the scope of the current work. Here we restrict
ourselves to the opposite limit, V ′′(χ∗)/H2 > 9/4, which corresponds to
|ξ| > 3
32
+
1
12
m2
H2
. (2.3)
In this case the field is massive around the minimum and there is no infrared amplification of
quantum fluctuations. Starting from an initial condition in the vicinity of ±χ∗ the local field
field value rapidly relaxes to the minimum and tracks the classical time-evolution ±χ∗(t)
with a small lag due to the effective friction 3Hχ˙. The global structure of the field space
depends on the epoch before inflation. If R = 0 (e.g. due to conformal symmetry), the Z2
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symmetry is spontaneously broken at the onset of inflation tin and the size of ±χ∗ domains
scales proportional to (ainHin)
−1 in comoving units. This is exponentially larger than the
currently observable universe, (a0H0)/(ainHin) ∼ eNtot−Nobs , if the total number of efolds
Ntot is larger than Nobs ∼ 60. On the other hand, if the symmetry was not restored before
inflation, the global structure depends on whatever is the mechanism that sets the initial
conditions for the universe. Either way, here we simply assume that the comoving size of
±χ∗ domains at the onset of inflation exceeds the size of the currently observable universe
so that we do not need to account for possible domain walls in our analysis.
Since the location of the minimum (2.2) is determined by the Hubble rate, its fluctu-
ations during inflation will be directly inherited by χ. This leads to formation of adiabatic
perturbations in the singlet energy density ρχ = −λχ4∗(H)/4. In particular, for slow roll
inflation with a single inflaton φ we get
δρχ
ρ˙χ
=
ρ′χ(H)δH
ρ′χ(H)H˙
= − δH
HH2
=
δρφ
ρ˙φ
, (2.4)
explicitly showing the absence of isocurvature perturbations between the inflaton sector and
χ. Therefore, any relic of the χ sector will constitute an adiabatic dark matter component.
We stress that the assumption of massive limit (2.3) is crucial here. In the opposite massless
limit, which we do not consider here, there would be uncorrelated superhorizon perturbations
of χ on top of the adiabatic perturbations which would give rise to isocurvature perturbations
heavily constrained by the data [41].
3 Analytical estimate of the dark matter abundance
After the end of inflation the universe reheats and evolves towards radiation domination. In
the radiation dominated phase, R = 0 (up to a conformal anomaly term which we neglect)
and the symmetry breaking minimum is removed. However, depending on the evolution of
R(t) over reheating, the field χ may not just smoothly relax from the inflationary value (2.2)
to the symmetric minimum χ = 0 but it can end up oscillating around it. In fact, this is
always the case in the concrete setups that we study here. Since the singlet cannot decay, the
oscillations continue indefinitely. As the amplitude gets redshifted, the potential eventually
becomes dominated by the quadratic term and we are left with a dark relic component
whose energy density scales like non-relativistic matter. In this section, we make some
qualitative remarks on the evolution and present a rough analytical estimate for dark matter
relic abundance based on simplistic approximations. Results of the full numerical analysis
are presented in the next section.
As mentioned above, during inflation χ tracks the time-evolving minimum (2.2) with a
small lag. More concretely, writing χ(t) = χ∗(t) + χ˜(t) (choosing the positive minimum +χ∗
for definiteness), and expanding the equation of motion to first order in χ˜ χ∗, we get
¨˜χ+ 3H ˙˜χ+ V ′′(χ∗)χ˜ = −χ¨∗ − 3Hχ˙∗ . (3.1)
Concentrating for simplicity on the limit m2  |ξ|H2, equation (2.2) yields χ¨∗ − 3Hχ˙∗ '
3HH
2χ∗ to leading order in slow roll. As long as the time dependence of χ¯(t) is weak, we
can drop the first two terms on the left hand side of eq. (3.1) to get
χ− χ∗
χ∗
∼ H 3H
2
V ′′(χ∗)
 1 . (3.2)
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This approximative expression is valid during inflation and in the massive limit (2.3) where
V ′′(χ∗)/H2 > 9/4 for H  1. The lag χ(t)−χ∗(t) is the smaller the larger the mass V ′′(χ∗)
because increasing the mass makes cosmic friction less efficient.
At the end of inflation H starts to grow decreasing the ratio V
′′(χ∗)/H2 = 24|ξ|(1 −
H/2) (note that here we use the full expression R = 12H
2(1 − H/2) unlike in eq. (2.2)
where the slow roll suppressed part can be suspended), and causing χ(t) to gradually deviate
from χ∗(t). In this work we assume inflation is followed by a reheating epoch driven by an
oscillating inflaton field φ. The curvature scalar R = M−2P (4Vφ(φ) − φ˙2) then becomes a
decreasing function which oscillates from positive to negative values (assuming the inflaton
potential vanishes in the vacuum). The minima of the resulting time dependent effective
potential of χ are located at χ = ±((−ξR−m2)/λ)1/2 when R > −m2/ξ (recall that ξ < 0)
and at χ = 0 when R < −m2/ξ. This leads to oscillatory dynamics for χ(t), as illustrated in
figure 1.
Figure 1. Letf panel: χ(t) computed numerically for ξ = −1,m = 1 MeV, λ = 0.01, and a quadratic
inflaton potential mφ = 1.53 × 1013 GeV and a constant inflaton decay rate into radiation Γ =
1.00× 1011 GeV (see next section for further details). Right panel: the same in linear scale, zoomed
in to the onset of oscillations and showing also the evolution of the minimum V ′(χmin) = 0. The
dashed line marks the end of inflation H = 1.
One may ask if the oscillation of R(t) from positive to negative values could induce
tachyonic particle production, or spinodal decomposition, which would lead to exponential
growth of the two point function 〈χ2〉 and potentially significant deviations from the classical
evolution of the one point function. This is known to happen in related setups with non-
minimally coupled scalars [35, 36, 50, 51] (see [52] for tachyonic preheating scenarios with
non-gravitaional operators and [53] for a DM application). In our setup with ξ < 0, the
effective mass squared of fluctuations around the classical solution can be negative only
in the vicinity of χ = 0 and only when the broken minimum |χ∗| = ((−ξR − m2)/λ)1/2
exists, i.e. when R > −m2/ξ. At the beginning of oscillations |χ(t)| > |χ∗(t)|, and the
broken minimum gets lifted |χ∗(t)| → 0 before the field χ(t) reaches zero for the first time.
This heavily suppresses the tachyonic regime where the effective mass squared is negative.
As the oscillations proceed, the curvature scalar R decreases faster than the effective mass
contribution proportional to λχ2, and the tachyonic regime gets almost completely removed,
see figure 2 showing numerically computed classical evolution of the effective mass squared of
fluctuations and R for a choice of parameters. The situation might change for |ξ|  1, when
on the one hand the tachyonic regimes may become larger (see the discussion at the end of
Section 4), and on the other the exponential growth of 〈χ2〉 with the exponent proportional
– 4 –
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Figure 2. Left panel: effective mass squared ω20 = −H2/4− H˙/2 +m2 + 3λχ2 + (ξ − 1/6)R for the
k = 0 mode of the fluctuation around the classical solution, vk ≡ a3/2δχk, which obeys v¨k +ω2kvk = 0
[36]. The irregular features are not numerical error but caused by the evolution of R(t). Same
parameter values as in Fig. 1. Right panel: evolution of the curvature scalar in the same setup.
to
√|ξ]mφ∆t (mφ being the inflaton mass) might compensate for the narrowness of the
tachyonic window ∆t  m−1φ . However, in this work we will mainly concentrate on the
regime |ξ] ∼ O(1) (or smaller) where we expect that the tachyonic particle production does
not lead to significant deviations from the classical analysis we perform.
When the reheating completes, the universe enters the radiation dominated phase where
R = 0 and χ continues to oscillate around zero in the potential V (χ) = m2χ2/2 +λχ4/4. To
get the most na¨ıve analytical order of magnitude estimate for the envelope of oscillations at
the end of reheating, χ¯reh, we may use
χ¯reh ∼
√
−6ξ
λ
Hend
aend
areh
. (3.3)
This effectively corresponds to setting R to zero immediately at the end of inflaton tend such
that χ starts to oscillate in a quartic potential V (χ) = λχ4/4 with the initial amplitude
given by χ = (−12ξH2end(1 − H/2)/λ)1/2 where H = 1. This is clearly not the correct
picture and, as discussed in more detail in the next section, the final estimate for the relic
abundance obtained using (3.3) differs from the actual numerical result by a ξ dependent
factor typically O(10). However, this level of accuracy suffices for the qualitative discussion
in this section. Note also that although the mass term m2χ2 could a priori be comparable to
λχ4 during reheating, this case is phenomenologically excluded as χ would start to behave as
non-relativistic matter already in the very early universe leading to massive overproduction
of dark matter.
After the end of reheating, the envelope scales as χ¯ ∝ a−1 until the potential becomes
dominated by the quadratic bare mass term and the scaling changes to χ¯ ∝ a−3/2. The
transition time ttr between the two regimes is well approximated by λχ¯
4
tr/4 = m
2χ¯2tr/2. By
matching the two scaling solutions at ttr, the envelope in the asymptotic regime t  ttr is
given by
χ¯(t) =
(
λ
2
)1/4 χ¯3/2reh
m1/2
(
areh
a(t)
)3/2
. (3.4)
The energy density of the oscillating field in this regime is simply ρχ = 1/2m
2χ¯2 ∝ a−3 and
field therefore constitutes a dark relic component behaving like non-relativistic matter as far
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as the energy budget is concerned. Using eq. (3.3) for χ¯reh and approximating the equation
of state during reheating by a constant w we the obtain a rough estimate for the dark matter
relic density today
Ωχh
2 ∼ 0.2|ξ|3/2 m
MeV
(
λ
0.01
)−1( Hend
1013GeV
)3/2 (g∗reh
100
)−1/4(Hreh
Hend
) 1−3w
2+2w
. (3.5)
Here treh denotes the time when reheating is completed and the radiation dominated epoch
starts, g∗reh denotes number of relativistic degrees of freedom at treh, we have approximated
g∗ ∼ g∗s and used g∗s,0 = 3.909, T0 = 2.725K and H0/h ≡ 100km/s/Mpc. The deviation of
the estimate (3.5) from the numerical result is discussed in the next section.
Note that to get viable cosmology, the transition to the quadratic regime should take
place before the matter radiation equality, Ttr > 0.8eV where T is the plasma temperature.
Using that χ¯tr = m(2/λ)
1/2 = χ¯reh(areh/atr), and substituting (3.3) for χ¯reh, this translates
to the meV scale bound
m
0.001eV
&
√
|ξ|
(
Hend
1013GeV
)1/2(Hend
Hreh
)−1+3w
6+6w g
1/3
∗tr
g
1/12
∗reh
. (3.6)
Note also that for m & meV, the non-zero curvature term ξRχ2 induced again during mat-
ter domination R = 3H2 and late time dark energy domination R ' 12H2, is completely
negligible compared to the bare mass term as R < 3H2eq ≪ m2. Hence there will be no new
symmetry breaking and we can neglect the curvature term in the analysis.
4 Numerical analysis
In this section we compute the dark matter relic abundance for the model (2.1) by numerically
solving the set of classical equations of motion given by
φ¨+ 3Hφ˙+ Γφ˙+ V ′φ(φ) = 0 (4.1)
χ¨+ 3Hχ˙+ λχ3 +m2χ+ ξRχ = 0 (4.2)
ρ˙r + 4Hρr = Γφ˙
2
3H2M2P =
1
2
φ˙2 + Vφ(φ) + ρr
R = M−2pl (4Vφ(φ)− φ˙2) .
As templates for the inflaton sector we consider the quadratic inflation and R2 model specified
respectively by1
Vφ =
1
2
m2φφ
2 , and Vφ = Λ
4
φ(1− e−
√
2/3φ/MP)2 . (4.3)
In both cases we use a constant rate Γ to model the inflaton decay into radiation.
We set slow roll initial conditions for the inflaton sector and choose mφ and Γ (Λφ
and Γ) such that the amplitude of perturbations equals the observed value PR = 2.1 ×
1Strictly speaking the second model in eq. (4.3) is not exactly the R2 model [54, 55] as there non-
renormalizable couplings between the inflaton and all other sectors are generated. If included, one would
anyway expect such terms to be sub-dominant after inflation as they are Planck suppressed.
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10−9 at the pivot scale k = 0.05Mpc−1 [56]. For the singlet we set the initial conditions
χ(tin) = χ∗(tin), χ˙(tin) = 0 from which the system rapidly relaxes to the tracking solution
χ(t) = χ∗(t) + χ˜(t) with χ˜  χ∗. We choose the initial time N(tin) = 70 efolds before the
end of inflation which is more than enough to ensure that χ(t) has relaxed to the tracking
solution well before the end of inflation.
In principle we could numerically evolve the set of equations (4.1) until the regime where
the singlet potential is dominated by the bare mass term m2χ2 and ρχ ∝ a3. However, as
noted above, the phenomenologically interesting cases which avoid extreme overproduction of
dark matter correspond to m Hreh. One would thus need to evolve the rapidly oscillating
system over a very long time after the end of reheating treh which in practice becomes too
heavy numerically. To avoid this, we choose instead to evolve the system until a reference
time t1 well after the end of reheating and thereafter use the analytical scaling law (3.4) with
χ¯reh replaced by the numerically evaluated input value χ¯1. We have checked that this agrees
with the full numerical result to better than 5% accuracy in the case of (phenomenologically
uninteresting) large values of m for which the numerical solution can be run into the quadratic
regime. More importantly, as the approximation concerns late time evolution only, it gives
the same systematic error for all values of ξ and all reheating histories. We choose t1 as the
moment when H(t1) = 0.01Γ which is well in the radiation domination and well before ttr
for the entire parameter range shown in our results. We have also checked that the results
do not depend on the precise choice of t1. Using that g∗sa3T 3 is constant, we can then finally
express the singlet relic abundance today t0 in the form
Ωχh
2 =
√
λ
2
√
2
mχ¯31
3(H0/h)2M2P
g∗s,0T 30
g∗s,1T 31
, (4.4)
where χ¯1 and T1 are determined numerically, and g∗s,0 = 3.909, T0 = 2.725K and H0/h =
100km/s/Mpc.
The main results of this work are figures 3 and 4 which show the numerically computed
relic abundance as function the relic mass m and the non-minimal coupling ξ. Fig. 3
shows the results for the quadratic inflaton potential and two choices of Γ, one corresponding
to instant reheating with H = Γ reached during the first inflaton oscillation, and the other
corresponding to more delayed reheating with 12 inflaton oscillations from the end of inflation
until the moment H = Γ. Fig. 4 shows the results for the R2 inflaton potential and for
two choices of Γ. The first again corresponds to instant reheating during the first inflaton
oscillation. In the other example, we have chosen Γ to yield Treh = 6 × 1013 GeV (in
the ballpark of reheating temperature of Higgs inflation, see [57, 58] for early works), which
corresponds to O(220) inflaton oscillations from the end of inflation until H = Γ. The inflaton
parameters mφ and Λφ, respectively, are set to give the observed amplitude of perturbations
for the chosen value of Γ. In both cases, we find that relic masses in the MeV scale yield the
observed dark matter abundance Ωch
2 = 0.12 [56] for |ξ| ∼ O(1), and the self coupling value
λ = 0.01 chosen in the figures.
As can be seen in the figures, lowering the reheating temperature by decreasing Γ by
an order of magnitude decreases the abundance by roughly a factor of three when all other
parameters are kept fixed. This is well in agreement with the analytical expression (3.5)
(where w = 0 for both the quadratic and R2 potential when the inflaton oscillates around
the minimum). Also the m dependence seen in the figures agrees well with the scaling given
by eq. (3.5). This is expected since the mass term has a negligible effect during reheating
and this part of eq. (3.5) should therefore be unaffected by the approximations made in
– 7 –
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Figure 3. Dark matter relic abundance as function of the relic mass mχ and its non-minimal coupling
ξ for the self-coupling value λ = 0.01 computed using the quadratic inflaton potential. The red line
marks the contour where the dark matter abundance equals the measured value Ωch
2 = 0.12. In the
left panel mφ = 1.52× 1013 GeV and Γ = 1.00× 1012 GeV. In the right panel mφ = 1.53× 1013 GeV
and Γ = 1.00× 1011 GeV.
eq. (3.3). We have also checked that the scaling of eq. (3.5) as function of λ and Hend
agrees well with the numerical result. This can be understood by the following argument.
By rescaling the field and time as χ˜ = χ/χin, t˜ = tR
1/2
in , and neglecting the bare mass term,
it can be seen that the initial values enter the equation of motion of the spectator χ˜ only
through R/Rin and the combination λχ
2
in/Rin from which both λ and Hin cancel out using eq.
(2.2) for χin and Rin = 12H
2
in. This explains why the the simple expression (3.5) describes
well the dependence on λ and Hend. On the other hand, as expected, the numerical results
show a significantly more complicated dependence on ξ than the estimate eq. (3.5), obtained
neglecting effects of the oscillating mass term ξR during reheating. Figure 5 shows the ξ
dependence of the full numerical result and eq. (3.5), and their relative difference, for a
choice of m,λ and the quadratic inflaton potential. There are two main effects which lead
to the rather complicated behaviour of the numerical result. First, increasing |ξ| makes χ
more massive initially, causing it to track the moving minimum longer and effectively start
oscillating with a smaller amplitude. For the setup shown in Fig. 5, this is the dominant
effect for |ξ| . 1. Second, the formation of temporary broken minima when R oscillates to
positive values may either slow down or accelerate the redshifting of the amplitude of χ,
depending on the time-evolving phase difference between R(t) and χ(t). For larger couplings
|ξ|, the curvature term may also become large enough to trap χ(t) oscillating around one of
the broken minima for one or more cycles of oscillation, in Fig. 5 this happens for |ξ| & 10.
In this regime, the windows where tachyonic particle production can take place also start
to get longer which may call for a more careful study beyond the classical approach which
however is outside the scope of this work.
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Figure 4. Dark matter relic abundance as function of the relic mass mχ and its non-minimal coupling
ξ for the self-coupling value λ = 0.01 computed using the R2 inflaton potential. The red line marks
the contour where the dark matter abundance equals the measured value Ωch
2 = 0.12. In the left
panel Λφ = 7.79× 1015 GeV and Γ = 9.00× 1011 GeV. In the right panel Λφ = 7.81× 1015 GeV and
Γ = 5.00× 109 GeV.
Figure 5. The numerically computed relic abundance as function of ξ vs. the analytical estimate
(3.5) (left panel) and their relative difference (right panel). Computed using m = 0.2MeV, λ = 0.01
and quadratic inflaton potential with mφ = 1.53× 1013 GeV and Γ = 1.00× 1011 GeV.
5 Conclusions
In this work we have shown that adiabatic dark matter can arise from a gravitationally in-
duced symmetry breaking during inflation. As an example, we have studied a Z2 symmetric
scalar singlet model including the non-minimal curvature coupling ξRχ2 required for renor-
malizability. For negative values of ξ, the Z2 symmetry gets broken during inflation, when
R ' 12H2, and restored when the universe reheats and becomes radiation dominated with
R = 0. This leads to dynamics where the singlet initially sits in the broken minimum χ∗
– 9 –
until the end of inflation and then starts to oscillate around χ = 0, at least if reheating starts
with the usual inflaton oscillations. If the singlet has no couplings to other matter fields,
it oscillates indefinitely with a redshifting amplitude, and asymptotically probes only the
bare mass part of its potential m2χ2/2. The oscillating field will then constitute a dark relic
component with the energy density scaling as non-relativistic matter.
We have performed a detailed numerical study of the scenario, computing the relic
abundance for two different inflaton potentials, and provided approximative analytical ex-
pressions to build qualitative understanding of the results. We have concentrated in the
regime ξ . −3/32 where the singlet is effectively heavy during inflation and perturbations of
the dark matter component are adiabatic in accordance with observations. Our main results
are summarised in figures 3 and 4 which show the dark matter abundance as function of the
singlet mass m and the non-minimal coupling ξ, computed for reheating dynamics driven by
quadratic and R2 inflaton potentials, respectively. We find that the observed relic abundance
Ωch
2 = 0.12 is obtained for singlet masses in the MeV scale and non-minimal coupling values
|ξ| = O(1). This is for the singlet four point coupling λ = O(0.01) and the abundance scales
proportional to λ−1.
Our result demonstrates that, interestingly, adiabatic dark matter can arise from a
sector coupled to other fields only through gravity, masses below the electroweak scale and
perturbatively small coupling values. Since such gravitationally produced dark relics could
escape all direct detection constraints, it would be extremely important to understand their
impacts on the formation of large scale structures in the universe.
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